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Tw
o sedim

ent cores collected from
 the R

ochester basin of Lake O
ntario w

ere dated w
ith "°P

b and stratigraphic
correlation and analyzed to determ

ine w
hether nutrient accum

ulation w
ith tim

e w
as consistent w

ith
 previous

com
puter-sim

ulated total phosphorus (TP) loadings. R
elative increases in TP

 and nonapatite inorganic phosphorus
(N

A
IP

) accum
ulation w

ere less than the fivefold increase in TP
 loading from

 1800
 to 1950 predicted independently

from
 C

hapra's sim
ulation m

odel. In
 addition, increases in

 T
P

 accum
ulation occurred

 m
ainly after 1940 and

 the
proportion of N

A
IP

 relative to TP
 increased in one core and decreased in the other. O

f the nutrients studied, only
increases in organic carbon (C

X
) paralleled the increases in m

odelled TP
 loadings. The relative increase in

inorganic carbon (1C) w
as greatest, w

ith
 accum

ulation increasing
 an order of m

agnitude
 after 1940 in one core.

This large increase in 1C, am
ounting to 20%

 catcite in recent sedim
ents, w

as attributed to biologically induced
calcite precipitation, a secondary consequence of increased planktonic photosynthetic rem

oval of carbon dioxide
that resulted from

 accelerated eutrophication
 after 1940 w

hen
 m

odelled TP
 concentrations increased rapidly.

B
iogenic silica (BSi) accum

ulation, an indicator of increased diatom
 production, peaked betw

een 1850 and 1870
w

hen increases in TP
 and N

A
IP

 fluxes w
ere m

inim
al. 

R
esults provide evidence that historic biogeochem

ical
responses inferred from

 O
C

, 1C, and B
S

i accum
ulation in the sedim

ent record provide stronger signals of phos-
phorus enrichm

ent effects than can be inferred directly from
 changes in accum

ulation of different form
s of phos-

phorus in the sedim
ent record.

D
eux carottes de sedim

ents prelevees dans le
 bassin R

ochester du lac O
ntario

 ont etc" datees au
 310P

b et par
correlation stratigraphique et analysees afin de determ

iner si I'accum
ulation de m

atieres nutritives en fonction
du tem

ps correspondait aux charges de phosphore
 total (PT) d£ja determ

iners par sim
ulation inform

atique. Les
augm

entations relatives de P
T et I'accum

ulation
 de phosphore

 inorganique
 a ('exclusion

 de I'apatite (P
lE

A
) etaient

inferieures A I'augm
entation par un facteur de 5 de la charge de P

T
 prevue de fac,on independante

 par le m
odele

de sim
ulation

 deC
hapra pour la pertodeallantde

 1800
 a 1950- D

eplus, 1'accroissem
entdutauxd'accum

ulation
de P

T
 e"tait surtout note* apres 1940 et la proportion

 de P
lE

A
 par rapport au P

T
 augm

entait dans J'une des carottes
m

ais dim
inuait dans I'autre. D

es m
atieres nutritives e"tudi6es, seul raccroissem

ent du
 carbone

 organique
 (C

O
)

presentait un parallele avec raccroissem
ent des charges de P

T
 du m

odele. L'accroissem
ent relatif du carbone

inorganique (C
l) etatt le plus im

portant, son taux d'accum
ulation

 augm
entant d'un ordre de grandeur apres 1940

darts I'une
 des carottes. C

ette im
portante

 augm
entation

 du
 C

l, qut representait jusqu'a
 20

 %
 de

 calcite
 dans les

sedim
ents regents, a fte" attribue* 4 une precipitation

 de catcite de cause biologique, une consequence secondaire
d'une

 plus grande disparition du
 dioxyde

 de
 carbone par photosynthese

 planctonique
 qui resultait d'une

 eutro-
phisation

 accele>ee des eaux apres 1940, m
om

ent od
 les concentrations de

 P
T

 du
 m

odele
 augm

entaient rapi-
dem

ent. L'accum
ulalion de silice

 biogene
 (S

iB
), qui est un indicateur d'une plus grande production

 de diatom
ees,

a atteint son m
axim

um
 entre 1850 et 1870, lorsque

 les accroissem
ents des flux de P

T
 et de PlEA

 etaient les m
oins

im
portants. Les re'suttats obtenus m

ontrent que
 les reponses biogeochim

iques du passe
1 de*duites a partir de I'ac-

cum
ulation de C

O
, de C

l et de S
iB

 dans les sedim
ents sont de m

eilleurs indicateurs des effets de I'enrichissem
ent

en phosphore que ceux qui peuvent fitre directem
ent deduits d partir des m

odifications de I'accum
ulation des

diverses form
es de phosphore dans les sedim

ents.
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D
ecem

ber 12, 1986
A

ccepted M
arch 23, 1988

(J9050)

H
istoric tola! phosphorus (T

P) concentrations and loads
(from

 
1800 to 1975) arc know

n only from
 com

puter
sim

ulations (C
hapra 1977). Sim

ulations show
 bim

odal
increases in T

P am
ounting lo sixfold or sevenfold in L

ake E
rie,

fivefold 
in L

ake O
ntario, but only about 75%

 in L
ake H

uron.
T

he first inflection in loading is associated w
ith forest clearance

and 
settlem

ent by E
uropeans in the early 1800s. T

he second
increase  began in the 1940s in association w

ith urban spraw
l

and 
introduction of phosphate detergents. 

M
anagem

ent 
pro-

gram
s instituted in the 1970s to im

prove sew
age treatm

ent and
reduce phosphorus inputs reversed a 100-yr trend of increasing
T

P loads and initiated a period of decreasing T
P concentration

in L
ake O

ntario (K
w

iatkow
ski 1982; D

obson 1984).
H

istoric w
ater quality data are lacking for m

ost of the period
of interest; how

ever, (he sedim
ent record should reflect historic

changes in phosphorus loading. Indeed, 
based on analysis of

one core per lake, K
em

p et al. (1972) found postsettlcm
cnt T

P
increases in concentration of about 60 or 70%

 for L
ake H

uron.
H

ow
ever, they  found only tw

ofold increases for L
ake E

rie and
L

ake O
ntario. 

A
nalysis of L

ake 
E

rie cores (W
illiam

s et al.
1976) show

ed greater postscttlcm
ent increases in T

P as w
ell as

increases in organic phosphorus and nonapatite inorganic phos-
phorus (N

A
1P)  but increases w

ere still sm
aller than m

ight be
expected from

 C
hapra's sim

ulations.
O

nly  the record 
of organic carbon (O

C
) in the sedim

ents
appears to correspond closely to the historic T

P loads reported
by C

hapra (1977). A
lthough the tem

poral pattern of O
C

 increase
w

as sim
ilar to that for T

P loads, (he increase in O
C

 concentra-
tion  w

as no m
ore than threefold in L

ake E
rie or L

ake O
ntario

(K
em

p  et al. 1972) or about half that expected based on the
assum

ption 
of a constant stoichiom

etric relationship betw
een

com
puter-sim

ulated  
T

P 
loads and 

O
C

 
accum

ulation 
in the

sedim
ents.

O
ther sedim

entary elem
ents thai m

ight vary in response 
to

changing T
P load are inorganic carbon (1C

) and biogenic silica
(B

Si). Photosynlhetically induced precipitation of caJcitc w
hich

increases w
ith nutrient enrichm

ent (M
cK

enzie 1985) has been
reported during sum

m
er stratification (Strong and E

adie 1978).
A

n increase in caJcium
 and calcite concentrations in sedim

ents
w

as attributed in pan to eulrophication (M
udroch 1983). Pre-

1986
A

ccept le 23 m
ars 1988

vious studies of L
ake E

ric and L
ake O

ntario including the B
ay

of Q
uintc indicate that increases in B

Si concentration occurred
early 

in 
the 

sedim
ent 

record 
(Schctske el 

al. 
1983, 

1985,
1986a), or soon after E

uropean settlem
ent. H

ow
ever, the record

of B
Si accum

ulation in cores cannot be used to assess historic
changes in T

P loads. Increased diatom
 production can deplete

soluble silica reserves in the w
ater m

ass w
hich in turn uncou-

ples diatom
 production and B

Si sedim
entalion from

 phosphorus
enrichm

ent (Schelske et al. 
1983).

W
e argue here that historic biological effects of phosphorus

enrichm
ent in the w

ater colum
n, m

anifested through increased
prim

ary productivity, have affected the biogeochem
istry of car-

bon and silica and hypothesize that the sedim
ent record of 1C

,
O

C
, and B

Si provides insight about historical w
ater chem

istry
changes not available from

 other data. O
ur results show

 that
biogeochem

istry  
of silica and carbon in the L

ake O
ntario sys-

tem
 changed m

arkedly several 
tim

es since the m
id-1800s and

that the record of these changes can be resolved in the sedim
ent

stratigraphy even though such m
arked changes 

w
ould not be

predicted from
 the relatively sm

all changes seen in phosphorus
accum

ulation in the sedim
ent.

M
ethods

T
w

o box cores and one gravity core (7.5-cm
 diam

eter, ben-
thos) w

ere obtained in 1981 from
 the R

ochester basin of L
ake

O
ntario at Stations E

30 and G
32 at depths of 223 and 158 m

,
respectively 

(Fig. 
1). Subcores 

(7.5-cm
 diam

eter) 
obtained

from
 the box corer at both stations w

ere dated w
ith

 210Pb. T
he

box core collected at G
32 could not be used for early historical

com
parisons because the sedim

entalion rate w
as higher than at

E
30 and the

 
IIOPb date for the bottom

 interval of this 40-cm
subcore w

as approxim
ately 1820. T

herefore, gravity core G
32

(G
32-B

E
N

-81) and box core E
30 (E

30-R
N

B
-81) w

ere the pri-
m

ary  cores analyzed for B
S

i, O
C

, 1C
, and different form

s of
phosphorus.

C
ores w

ere extruded and sectioned onboard ship. E
30 and

G
32 box cores w

ere sectioned at 1-cm
 intervals to 20 cm

 and
al 2-cm

 intervals to 40 cm
. G

32-B
E

N
 w

as also sectioned at 1-
cm

 intervals to 20 cm
, but at 2-cm

 intervals to 50 cm
 and then

1292
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at 5-cm
 intervals to 150 cm

. Sections w
ere frozen, w

eighed.
frcc7.c-dricd, 

and 
w

eighed 
again (o oblain dry 

w
eights and

porosities.
Sedim

entation rates for E
30 and G

32 w
ere determ

ined by a
com

bination of JIOPb dating and stratigraphic correlation.
T

he activity of 
ll<JPb w

as determ
ined in box cores E

30 and
G

32 
by a m

odified 
version of a m

ethod described by Flynn
(1968). Portions of frccze-dricd 

sedim
ent from

 each interval
w

ere spiked w
ith a standard solution of ^

P
o

 (ilfl 
=

 
103 yr)

and extracted for 96 h at 85°C
 in 10%

 H
C

I (v/v) w
ith periodic

additions of 30%
 hydrogen peroxide to oxidize organic m

atter.
For com

parison, additional subsam
ples of m

aterial from
 each

section of core G
32 w

ere also extracted for 96 h in hot aqua
rcgia. In the aqua regia extraction, the m

ixture w
as evaporated

to dryness to rem
ove residua! nitric acid (w

hich interferes w
ith

spontaneous plating) and then reconstituted in 10%
 H

C
I (v/v).

T
he 

activity 
of 

the 
standard 

^P
o

 solution 
(122.2 

± 
1.2

d
p

n
v

m
L

'1 as of Septem
ber 17. 1982) w

as determ
ined by inter-

com
parison  

w
ith a ^

P
o

 reference supplied by the N
ational

B
ureau of S

tandards. E
ach extract w

as filtered through a 0.45-
jirn m

em
brane filler and adjusted to a volum

e of 50 m
L

 w
ith

10%
 H

C
I (v/v) to w

hich w
as added 1.0 g of hydroxylam

ine
hydrochloride to rem

ove the interference of iron w
ith polonium

plating. E
xtracts w

ere adjusted to a final pH
 of 1.5 ± 0.1 w

ith
sm

all additions of concentrated am
m

onium
 hydroxide. Polon-

ium
 isotopes w

ere plated from
 the extracted solutions for 24 h

at 85°C
 onto polished copper disks backed on one side w

ith
M

ylar tape.
A

ctivities of ̂
P

o
 and

 3l°Po w
ere determ

ined by conventional
alpha speclroscopy w

ith surface barrier detectors and corrected
for radioactive decay of the isotopes, particularly

 lloP
o(tta 

=
138.4 d), betw

een the tim
e of plating and counting of the disk.

U
ncertainties in the activities of 2l°Po are under 10%

. N
o sig-

nificant differences w
ere found betw

een the 10%
 H

C
I and aqua

rcgia extractions.
T

he activity of 3l°Pb should be indistinguishable from
 that of

I10P
o because secular equilibrium

 prevails in m
ost core sections

initially and, in addition, several half lives elapsed betw
een

collection and extraction of sedim
ent sam

ples.
A

verage m
ass sedim

entation rates w
ere determ

ined  by stra-
tigraphic correlation of the postsettlem

ent B
Si peak. T

he B
Si

peak w
as assum

ed to occur at 1850, or at the date expected for
the A

m
brosia horizon (K

em
p and H

arper 1976). B
ecause this

m
ajor peak  in B

Si concentration w
as not sharply defined by

one sam
pling interval, the average cum

ulative dry w
eight of the

tw
o sam

pling intervals w
ith the largest B

Si concentration w
as

used to estim
ate the average m

ass sedim
entation rate since 1850.

T
he B

Si peak w
as also used to m

odel m
ass sedim

entation rate
and nutrient flux in core G

32 w
hich w

as not dated w
ith

 I10P
b.

For this purpose, the peak w
as set at 1865 w

hich w
as the date

obtained for E
30 by "°P

b dating.
Sam

ples for B
Si w

ere leached w
ith 1.0%

 N
ajC

O
, at 85°C

and analyzed using previously described procedures (Schelske
et al. 1985) 

including a correction for silicate m
ineral disso-

lution (D
eM

aster 1981).
T

P
 w

as determ
ined after sam

ples (20-40
 m

g) w
ere digested

in a sulfuric acid/potassium
 sulfate solution (200 m

L
 of 6 N

H
2S

O
4, 65 g of K

2S
0

4, and 25 m
L

 of 8%
 H

gO
 diluted to 

1000
m

L
). T

w
o m

illilitres of this solution, the sedim
ent sam

ple, and
20 m

L
 of double-distilled w

ater w
ere m

ixed in 50-m
L

 glass
digestion tubes, evaporated at 150-200°C

 for about 1 h, and
then digested at 36C

PC
 for 22 m

in. Sam
ples w

ere cooled for
approxim

ately 3 m
in and m

ixed w
ith 20 m

L
 of distilled w

ater.

C
a
n
. J. F

ish. A
quat. S

et.. VW
. 45,1988

A
 portion of each sam

ple w
as transferred to a 7-m

L sam
ple

tube, ccntrifugcd, and then analyzed for soluble reactive phos-
phorus. 

E
xtracted 

phosphorus or 
N

A
IP w

as determ
ined by

extracting 0
.7

-2
.0 m

g of sam
ple w

ith 10 m
L of O

.I N
 N

aO
H

in 20-m
L plastic vials. T

he loaded vials w
ere placed on a shaker

(able and m
ixed (175 rpm

) for approxim
ately 20 h at room

 tem
-

perature, ccntrifugcd, 
and then analyzed for soluble reactive

phosphorus. Soluble reactive phosphorus for both analyses w
as

m
easured w

ith a T
echnicon A

utoA
nalyzcr II system

 (J. M
. M

al-
cyzk. 

G
reat 

L
akes 

E
nvironm

ental 
R

esearch 
L

aboratory,
N

O
A

A
).

O
C

 and 1C
 w

ere determ
ined by dry com

bustion on a L
eco

m
odel IR

12 carbon determ
inator. T

he m
ethod uses cupric oxide

and an oxygen atm
osphere for com

bustion and infrared detec-
tion of the carbon dioxide produced. T

otal carbon w
as deter-

m
ined on aliquots of ground dry sedim

ent and O
C

 w
as deter-

m
ined 

on 
separate 

aliquots 
that 

had 
been 

treated 
w

ith
concentrated sulfurous acid to rem

ove carbonates by volatili-
zation. 1C

 w
as determ

ined by difference betw
een results from

the tw
o analyses. T

he system
 w

as standardized daily using L
ake

O
ntario sedim

ent of know
n carbon content. T

he precision of
replicate analyses routinely had a standard error of 3.0%

.
A

ll data w
ere converted to units of m

illigram
s per gram

 of
dry sedim

ent or to m
illim

oles per gram
 of sedim

ent for cal-
culations of atom

ic ratios. T
he cum

ulative inventory of nutrients
w

ith core depth w
as calculated by m

ultiplying the nutrient con-
centration tim

es the dry sedim
ent w

eight expressed as gram
s

per square centim
etre in each sedim

ent interval and sum
m

ing
the results over the depth of the core.

R
esults

M
ass S

edim
entation R

ate

R
esults of m

odels used to interpret I10P
b profiles (Fig. 2) and

to 
obtain 

age-depth 
relationships 

(F
ig. 3) 

and 
m

ass
sedim

entation rates (Fig. 4) are presented 
in the D

iscussion
along w

ith the assum
ptions and rationale used to develop the

m
odels.

E
stim

ates of average m
ass sedim

entation rate obtained from
B

Si correlation agreed closely w
ith rates obtained from

 
:i°P

b
dating and the A

m
brosia pollen horizon (T

able 1). D
ifferences

in rates for the tw
o cores from

 G
32 obtained from

 correlation
of the postsettlem

ent B
Si peak probably reflect real differences

because station location w
as not fixed accurately for the gravity

core (i.e. 
vessel drifted 

betw
een 

sites for box and benthos
coring)  and point to the need to obtain independent estim

ates
of m

ass sedim
entation rate for every core.

N
utrient C

oncentration

B
oth  cores show

ed a m
ajor peak in B

Si concentration at depth
w

ith a 
less obvious m

inor 
peak 

in 
m

ore 
recent 

sedim
ents

(F
ig. 5). T

he m
ajor peaks occurred at approxim

ately 1840-
1860 in both cores but w

ere deeper in G
32 w

hich had a higher
sedim

entation rate than E
30. T

he m
axim

um
 concentration w

as
fivefold 

greater than the m
inim

um
 concentration 

in E
30 but

only about threefold greater than the m
inim

um
 concentration

in G
32. 

Sim
ilar m

ajor peaks w
ere also present in three cores

collected in 
1984 

in eastern L
ake O

ntario (Schelske et al.
1986a).

R
elative ranges in T

P
 concentration w

ere generally less than
those for B

Si in both cores (F
ig. 5). In both cores, T

P
 concen-

trations 
w

ere  greater in near-surface sedim
ents 

than at depth
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N

B
-81. Solid circles w

ith error bars represent excess
 J10Pb

activity. C
urves w
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 m

P
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S
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S

S
M
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w
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R
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FiG
. 4. M

ass sedim
entation rates in L

ake O
ntario cores E

30-R
N

B
-81

andG
32-B

E
N

-81.

TA
B

LE 
I. C

om
parison of m

ass sedim
entation rates (m

g
-cn

r'-y
r-')

obtained by
 ]l°Pb dating, postsettlem

ent B
Si peak, and A

m
brosia pol-

len horizon. D
ata in parentheses for the biogenic silica peak are the

tw
o estim

ates used to obtain the average. It w
as assum

ed that the bio-
genic silica peak occurred at 

1850. or at the date of (he A
m

brosia
horizon obtained from

 cores collected from
 1969-1971 by K

em
p and

H
arper (1976). M

ass sedim
entation rates for the biogenic silica peaks

w
ould be increased by a factor of 1 . 1 3

 if the date of the peak is assum
ed

to be 1865 as indicated by "°Pb dating.

S
tation

E30

G
32

C
ore

 
lloP

b

E
30-R

N
B

-81 
39.1

22 
—

G
32-R

N
B

-81 
81

G
32-B

E
N

-81 
—

27 
—

Postsettlem
ent

B
Si peak

37.8 (35.6-*0.1)

7
1
.0

(6
8
.1

-7
3
.9

)
84.7 (82.4-87.0)

A
m

brosia
horizon

35.5

81.5

w
ith the exception of the 24-26

 cm
 interval in E

30. N
A

IP
 pro-

files for each core w
ere sim

ilar to the T
P

 profiles. Sim
ilar results

w
ere obtained  for a core from

 the B
ay of Q

uinte (S
chelske et

al. 1985) 
and for cores from

 L
ake E

rie and L
ake 

M
ichigan

(S
chelske et al. 1986a).
O

f the nutrients studied, the chronology of O
C

 concentration
(F

ig. 5) w
as m

ost consistent generally w
ith the expected tem

-
poral responses of phytoplankton to patterns of 

phosphorus
enrichm

ent obtained from
 com

puter sim
ulations (C

hapra 1977).
In E

30, O
C

 concentrations w
ere relatively constant at the bot-

(om
 of the core and ihcn show

ed periods of rapid increase after
1850 and 1940. A

 sim
ilar pattern is evident in G

32 but analyses
w

ere not run on sam
ples deep enough to obtain data for the

relatively low
 and constant conccnlrations found below

 18 cm
in 1:30. LiV

c O
C

. concentrations of 1C
 also increased in recent

sedim
ents.

A
tom

ic N
utrient R

atios

B
Si:T

P profiles for both cores show
 initial m

ajor peaks at
18-22 cm

 for E
30 and 40-44

 cm
 for G

32 (F
ig. 6) w

hich cor-
respond to the m

ajor peaks in B
Si concentration. In sedim

ents
deposited after the m

ajor peaks, ratios of B
Si:T

P and B
Si:N

A
IP

decrease. T
his result is expected if diatom

 production w
as silica

lim
ited and if rates of diatom

 dissolution did not change prior
to perm

anent buna! to com
pensate for the reduced flux of dia-

tom
s to the sedim

ents.
T

he largest ratios of N
A

IP:T
P w

ere found in the deepest sed-
im

ents of one core and in the m
ost recent sedim

ents in the other
(Fig. 6). In E

30, the only obvious pattern w
ith depth w

as a
tendency for sm

aller ratios above 19 cm
 (approxim

ately 1865)
w

ith an average ratio of 0.47 below
 19 cm

 or 50%
 m

ore than
the average of 0.31 

above 19 cm
. 

In G
32, the pattern w

as
reversed. R

atios above 28 cm
 w

ere >
0

.3
6 w

hereas below
 that

depth, ratios w
ere m

ore variable, w
ith m

ost values being less
than the range of values above 28 cm

.
R

atios of O
C

 and 1C
 w

ith B
Si w

ere greater in near-surface
sedim

ents than at depth (F
ig. 7). T

hese results m
ay indicate that

increased deposition of O
C

 in near-surface sedim
ents resulted

from
 increases in nonsiliceous algal production, provided the

bulk of O
C

 w
as derived from

 algae.

N
utrient Fluxes

T
he tem

poral pattern of T
P and B

Si flux w
as sim

ilar for cores
E

30 and G
32. B

Si accum
ulation peaked from

 1860 to 1870 at
2.5 and 5.5 

m
g

-cm
-'-y

r
1, respectively, for E

30 and G
32

(Fig. 8). A
fter the peak period, flux in both cores from

 1930
to 

1940 decreased to half that of the peak period and then
increased to a secondary m

axim
um

 about 1970. R
elatively large

fluxes 
for 

the 
upperm

ost interval likely represent input of
recently 

deposited 
B

Si 
in 

the 
zone 

of 
active 

dissolution
(Schelske et al. 1983). A

n increase in T
P flux for the tw

o cores
(Fig.  9) corresponding w

ith the increased flux of B
Si in 1860-

1870 w
as not obvious. A

n increase in T
P

 flux about 1890 rep-
resented by one sam

ple in each core only w
eakly indicated

increased T
P

 fluxes before 1900.
Patterns in N

A
IP

 fluxes w
ere different for the tw

o cores. Pre-
1850 fluxes at E

30 w
ere am

ong the largest fluxes obtained
w

hereas  
at G

32, 
pre-1850 fluxes w

ere am
ong the sm

allest
(Fig. 

10). L
ike T

P
 fluxes, patterns in N

A
ff flux w

ere incon-
sistent 

w
ith 

increases 
expected 

from
 

m
odelled 

T
P

concentration.
T

he tem
poral pattern of increases in O

C
 and 1C

 fluxes w
as

sim
ilar for cores E

30 and G
32. O

C
 flux increased 

gradually
beginning about 1880 until about 1950 w

hen it increased rap-
idly until about 1970(F

ig. II). T
his pattern corresponds closely

w
ith that for m

odelled T
P concentration. 

O
C

 flux after 1970
w

as relatively constant. O
bvious increases in 1C

 flux in both
cores w

ere not found until 1920 (F
ig. 12). In core E

30, 1C
increased 10-fold by 1950 relative to the early 1800s and 30-
fold at the peak in 1970 w

hereas the historic increase in 1C
 flux

at G
32 w

as only about 10-fold. T
he m

axim
um

 1C
 flux at G

32

C
an. J. F

ish. *
p

a
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FIG
. 5. C

oncentrations of biogenic silica, total phosphorus, nonapatite inorganic phosphorus, organic carbon, and inorganic carbon in L
ake

O
ntario cores, (a) B

ox core E
30-R

N
B

-81; (b) benthos core G
32-B

E
N

-81.

w
as less than that at £30, a pattern that w

as not found for any
of the other nutrients.

D
iscu

ssion

I10Pb D
ating

Profiles 
of excess

 
IIOPb for E

30 and G
32 

(Fig. 2) 
w

ere
calculated as the difference betw

een total 2l°Pb and a supported
activity w

hich is sm
all and assum

ed to be constant over the
length of the core (E

30, 2.45 ±
 0.25 dpnvg-'; G

32, 2.66 
±

0.25 
dpm

-g-')- 
E

rrors 
associated 

w
ith 

the 
estim

ate 
of

unsupported
 2l°Pb are the standard deviations about the m

ean
value over a range of depths at the bottom

 of the core w
here

the activity of total 3l°Pb is essentially constant. E
rror bars in

F
ig. 2 indicate the uncertainty in the estim

ate of excess
 2l°Pb

w
hich is a com

bination of analytical and counting errors in the
determ

ination of total 3l°Pb and the uncertainty in estim
ating

unsupported
 

2l°Pb. 
T

he uncertainty is sm
all 

in the 
upper

portions of the core but increases 
significantly tow

ard 
the

bottom
 as excess

 210Pb approaches background levels.
Profiles 

of 
excess

 
2l°Pb 

exhibit 
features 

encountered
elsew

here in the G
reat Lakes: a zone of nearly constant activity

extending dow
n  from

 the sedim
ent-w

ater interface. B
elow

 this
zone 

(4
cm

 
for 

E
30; 

5
cm

 
for G

32), 
activities 

decrease
exponentially w

ith depth (Fig. 2). Previous studies (cf. R
obbins

1982) have show
n that the depth of this zone is directly related

to the range of penetration of m
acrobenthos in sedim

ents.
T

ubificid 
w

orm
s 

w
ere 

the dom
inant species (1450 

and

3200-m
-2 

in 
E

30 
and G

32, 
respectively). 

These 
anim

als
redistribute sedim

ents through  a conveyor belt feeding m
ode

w
hich introduces both advective and diffusive m

ixing processes
(cf. R

obbins 1986). A
nother im

portant organism
 present in

these sedim
ents w

as the am
phipod P

ontoporeia hoyii. It appears
to m

ix sedim
ents in a random

 (eddy diffusive) 
w

ay over a
shallow

 range of 1-2 cm
 (cf. R

obbins et al. 1979).
B

ecause 
organism

s w
ere present  in sufficient densities to

cause significant m
ixing (R

obbins 1986), distributions of I10Pb
could be interpreted in term

s of the rapid steady-state m
ixing

(R
SSM

) m
odel developed previously. It is im

portant to point
out that all m

odels w
hich have been developed to interpret 210Pb

profiles (R
obbins and E

dgington 1975; R
obbins et al. 

1977,
1978) assum

e a constant rate of supply (C
R

S) of excess
 3l°Pb.

In large lakes w
ith long hydraulic residence tim

es, this is the
m

ost reasonable assum
ption. T

he R
SSM

 m
odel assum

es that
the sedim

entation rate is constant and that 210Pb is delivered at
a constant rate into a m

ixed layer of fixed extent w
hich m

oves
upw

ard as sedim
ents are added (R

obbins et al. 1979). T
o apply

the R
SSM

 m
odel to the data, a w

eighted least squares fit w
as

m
ade to determ

ine optim
um

 values of the m
ixed depth and

sedim
entation rate. T

he fit to the excess
 210Pb profile is show

n
in Fig. 2 as is a fit to the profile using the R

SSM
 sedim

entation
rate w

ith 
the effect of m

ixing rem
oved 

(R
SSM

-N
M

), T
he

resulting age-depth relationship for R
SSM

 is given in F
ig. 3.

A
lternatively, effects of m

ixing could be disregarded and the
flattening of the

 2l°Pb profile ascribed solely to a changing
sedim

entation rate (Fig. 2). If the
 110Pb flux rem

ains constant,
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FIG
. 6. A

tom
ic ratios of biogenic silica to total phosphorus, biogcnic 

silica to nonapatitc inorganic
phosphorus, and nonapaiite inorganic phosphom

s to total phosphorus, (a) B
ox core E

30-R
N

B
-81- (b)

benthos core G
32-B

E
N

-8I.

the 
relationship betw

een 
age 

and 
depth 

is 
given 

by 
a

straightforw
ard relation described by G

oldberg (1963) and later
referred to as a constant flux (C

F) (R
obbins 1978) or C

R
S m

odel
(A

ppleby and O
ldfield 1978). W

ith either of these m
odels, the

predicted distribution of excess
 110Pb w

ill coincide exactly w
ith

the data points 
because every variation in

 
I10Pb activity is

converted into a change in sedim
entation rate. Since the C

R
S

m
odel is an infinite param

eter (IP) m
odel, processes other than

variable sedim
entation w

hich contribute 
to deviations 

from
exponential 

profiles are conveniently ignored. 
M

oreover, 
a

strictly flat portion on an excess
 :'°P

b profile occurs only for
the very special and unlikely circum

stance of com
pensation (see

R
obbins 1978) 

w
here the change of sedim

entation rate w
ith

sedim
ent 

depth 
is exactly 

m
atched 

by 
radioactive 

decay.
N

evertheless, the result of applying the infinite param
eter C

R
S

m
odel 

(C
R

S-1P) 
represents 

one 
extrem

e 
in 

the 
range 

of
assum

ptions about the nature of the sedim
entation process. T

he
age-depth relationship is show

n in Fig. 3.
A

n 
interm

ediate treatm
ent, finite param

eter 
C

R
S m

odel
(C

R
S-FP), attributes som

e but not all of the flattening to a
change in the sedim

entation rate (R
g. 2). A

 correct 
m

odel
w

ould incorporate variable sedim
entation and depth-dependent

m
ixing into a single diagenetic equation such as that described

by B
em

er (1980) and m
odified by R

obbins (1986) to include

conveyor belt transport processes. For the present purposes, a
sim

pler calculation suffices. M
ixing is considered to have a

m
inim

al effect on rapidly varying signals such as O
C

 and 1C
so that profiles of these constituents can be used to reconstruct
the tim

e dependence of the net sedim
ent accum

ulation rate.
O

ther constituents, prim
arily clay and clay-sized m

inerals plus
a sm

all am
ount of quartz, are assum

ed to be supplied at a
constant rate, R

,.
To correct for varying concentrations of 1C

 and O
C

 under
these conditions the sedim

entation rate, R(g)t w
as calculated by

(1) 
*fe) =

 R
, +

 *
&

) +
 

Rj[g)

w
here R

, is the constant base sedim
entation rate equal to the

R
SSM

 m
odel value, or essentially the sedim

entation rate based
on the linear portion of the log excess

 3l°Pb curve, and R
, and

R
f are the m

ass sedim
entation rates of 1C

 and O
C

, respectively.
A

ll term
s are in units of gram

s per square centim
etre per year.

T
he sedim

ent "depth" g is expressed 
in units of cum

ulative
w

eight of dry sedim
ent (gram

s per square centim
etre) to rem

ove
sm

all com
paction 

effects.  T
he above relationship im

plicitly
assum

es that both 1C
 and O

C
 are not subject to diagenesis. If

1C
 and O

C
 have the approxim

ate form
ulae of C

aC
O

, and C
H

iO
,

respectively, then

C
on. /
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ish. A
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E
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N
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-81 and
G
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E

N
-81. B

roken line is m
odelled total phosphorus concentration

(see 
F

ig. 9).
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FIG
. 9. F

lux of total phosphorus in L
ake O

ntario cores E
30-R

N
B

-81
and G

32-B
E

N
-81 and com

puter-si m
ulaied total phosphorus concen-

trations  in L
ake O

ntario from
 !850

 to 1970 (from
 C

hapra 
1977).

=
 

100C
K

/12
(2

)

w
here C

, and C
. are the m

easured 1C and O
C

 concentrations in
gram

s per gram
 of dry sedim

ent, respectively. From
 E

quations
1 and 2 it follow

s that

(3) 
R(g) 

=
 /?/(!- 100C

/12-30O
12)

and the distribution of excess
 I10Pb is given by

(4)

w
here F

 is the constant JIOPb flux, r is the tim
e before present,

andX
 ~

 0.031 1-yr"
1. Since K varies w

ith sedim
ent "depth,"

the age-depth relationship is given by

(5) 
t =

 
fodg/R

W
.

T
he 

value of F
 

w
as chosen 

to reproduce 
the 

m
easured

standing crop  of excess
 IW

Pb in each core. E
ither the R

SSM
 or

the C
R

S-IP
 m

odel approxim
ates the data better than the R

SSM
-

N
M

 m
odel in w

hich D
O

 m
ixing is included (Fig. 2). T

he 
age-

depth relationship (Fig. 3) indicates that the age associated w
ith

a given interval of sedim
ent is not strongly m

odel dependent
for these cores. T

he largest differences am
ong estim

ates occur
tow

ard the end of the excess
 ll°Pb profiles w

here they are w
ithin

about 7 yr of each other.
T

he m
ass flux or net sedim

ent accum
ulation rate (R(g) vs. r)

w
as based on the C

R
S-FP

 m
odel (Fig. 4). For E

30 the base
sedim

entation 
rate w

as 0.040 g-cm
~

2*yr"'1 and 
rem

ained
essentially constant until 

1900 after w
hich it increased to a

1298
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. 10. Flux of nonapaiite inorganic phosphorus in L
ake O

ntario cores
E

30-R
N

B
-81 and G

32-B
E

N
-81. B

roken line is m
odelled total phos-

phorus concentration (see Fig. 9).

m
axim

um
 of about 0.055 g

-cn
r'-y

r-'. For G
32, 

the base
sedim

entation 
rate 

w
as about 0.090 g-cm

-'-yr-' 
and 

also
rem

ained constant until about the rum
 of the century. T

hereafter
it 

increased 
to 

a 
m

axim
um

 
of 

about 0.115 
g-cm

~
a'yr-'.

T
herefore, to the extent that m

ixing can be ignored, flux of a
constituent w

ith concentration C
 at "depth" g is given by

(6) 
F
, =

 C
K

fc)

using E
quations 1 and 5 above.

Sedim
ent A

ccum
ulation and Focusing

Sedim
entation rates w

ere obtained using excess
 IIOPb activity

w
ith the C

R
S-FP m

odel corrected for changes in am
ount of O

C
and 1C

 w
ith depth. T

his correction in "°Pb activity w
as 

nec-
essary because carbon-bearing m

aterials constituted a signifi-
cant portion of the sedim

ent bulk and decreased in concentra-
tion over the depth of sedim

ents used for dating (Fig. 
5). In

lakes w
ith large hydraulic residence tim

es in com
parison w

ith
J10Pb rem

oval tim
es, the flux of the radionuclide tends to be

constant in the presence of changing sedim
entation rates (C

F
m

odel, 
R

obbins 
1978; 

C
R

S m
odel, O

ldfield 
and A

ppleby
1984). T

hus the effect of increased deposition of carbon-bear-
ing constituents m

ay be to dilute the activity of I10P
b. A

lter-
natively, the observed distributions of O

C
 and 1C

 could be
w

holly or partly the result of postdepositional processes such
as the oxidation of organic m

aterials or dissolution of carbon-
ates. Such diagenetic processes do not affect the dating m

ethod

3
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FIG

. 11. Flux of organic carbon in L
ake O

ntario cores E
30-R

N
B

-81
and G

32-B
E

N
-81. B

roken line is m
odelled total phosphorus concen-

tration (see Fig. 9).

if the isotope rem
ains im

m
obilized. T

he variable sedim
entation

rates obtained w
ere approxim

ately 17 and 38%
 greater at G

32
and E

30, respectively, in the near-surface sedim
ents than at

depth (Fig. 4).
Several independent m

ethods are available to m
ake estim

ates
of m

ass sedim
entation rates. T

he A
m

brosia horizon along w
ith

IIOPb aj«l 11TC
s dating can be used independently to date sedi-

m
ents (R

obbins et al. 
1978), but establishing the A

m
brosia

horizon only provides inform
ation for an average postsettle-

m
ent m

ass sedim
entation rate. A

lthough a direct 
com

parison
has not been m

ade, our results (T
able 1) suggest that the m

ajor
B

Si peak could be used to define the period of nutrient enrich-
m

ent resulting from
 E

uropean settlem
ent beginning about 1850.

T
he B

Si peak could prove to be a better biostratigraphic m
arker

of the settlem
ent horizon in som

e cores than the A
m

brosia hori-
zon 

because 
it provides 

a 
sharper 

peak 
w

ith 
better 

tim
e

resolution.
A

s m
ight be expected intuitively, accum

ulation of nutrients
in sedim

ents w
as related generally to m

ass sedim
entation rate

or degree of sedim
ent focusing. T

his conclusion is supported
by the relationship betw

een nutrient accum
ulation and average

m
ass sedim

entation rate. C
um

ulative inventories of B
Si, O

C
,

1C
, and T

P
 to the depth of the settlem

ent horizon w
ere 2.24-

2.53 tim
es greater in core G

32 than in core E30. T
his is con-

sistent w
ith a 2.23 tim

es greater average m
ass 

sedim
entation

rate  in G
32 (T

able 1). T
he cum

ulative inventory of N
A

IF, how
-

ever, differed from
 the other nutrients in that it w

as 3.33
 tim

es
greater in G

32 than in E
30.

C
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. 12. R

ux 
of inorganic carbon in L

ake O
nlario cores E

30-R
N

B
-

81 and G
32-B

E
N

-8I. B
roken line is m

odelled 
total phosphorus 

con-
centration (see 

Fig. 9).

P
hosphorus and B

iogenic Silica A
ccum

ulation

T
he greater relative N

A
IP accum

ulation at G
32 in com

bi-
nation w

ith the different chronology of N
A

IP flux at 0
3
2

 and
E

30 (Fig. 
10) suggests a m

ore com
plex relationship than sim

ple
differences related to sedim

entation rate. In G
32, 

N
A

IP flux
and proportion of N

A
IP increased w

ith tim
e, but these trends

w
ere not apparent in the data for E

30. T
he fraction of N

A
IP

relative to T
P in the upper 10 cm

 averaged 46%
 at G

32, about
50%

 greater than the average of 28%
 at E

30. W
illiam

s el al.
(1976) and V

em
et and Favarger (1982) reported that the pro-

portion of N
A

IP
 decreased w

ith sedim
ent depth and attributed

this change to an increased proportion of N
A

IP
 from

 anthro-
pogenic sources in recent sedim

ents. In L
ake M

ichigan, large
quantities of N

A
IP are resuspended yearly, prim

arily during the
w

inter-spring period of therm
al m

ixing (E
adie ct al. 1984). In

L
ake O

ntario the N
A

IP fraction (31-46%
) of phosphorus col-

lected in sedim
ent traps (C

harlton 1983) w
as sim

ilar to that for
N

A
IP in recent sedim

ents (top 10 cm
) at E

30
 and G

32. 
W

il-
liam

s  et al. (1976) concluded that the rate of sedim
entation of

organic phosphorus and N
A

JP "w
as 

greatest w
here the m

ost
fine-grained 

sedim
ents 

w
ere 

accum
ulating." 

O
ne 

possible
explanation, then, for greater N

A
IP accum

ulation at G
32 is that

N
A

IP
 is resuspended and deposited w

ith the m
ajor part of the

fine-grained 
sedim

ent load in high sedim
entation areas in rel-

atively shallow
 areas of the R

ochester basin (K
em

p and H
arper

1976).
C

hanges in flux of T
P

 and N
A

IP for E
30 and G

32 w
ere not

consistent w
ith the fivefold increase in T

P
 inputs from

 1800 to

1300

1975 calculated by C
hapra (1977). M

axim
um

 and m
inim

um
yearly fluxes of T

P ranged about threefold for both E
30 and

G
32, but tw

ofold 
increases for both cores occurred betw

een
1940 and 

1981 
(F

ig. 9) w
hen T

P loads from
 

sew
age inputs

increased rapidly (C
hapra 

1977). T
hus, actual loads of phos-

phorus m
ay have increased less than fivefold or, allcrnalively,

N
A

IP loads rather than T
P loads should have been m

odelled.
O

ur data for N
A

IP fluxes do not provide a clear indication of
increased flux 

w
ith tim

e because pre-1850 fluxes w
ere rela-

tively large at E
30 and because there w

as no clear pattern of
increasing fluxes betw

een 
1850 and 1940 (Fig. 10). C

om
pari-

son of data for available phosphorus from
 som

e L
ake E

rie cores
provided belter agreem

ent 
w

ith com
puter-sim

ulated T
P loads

(W
illiam

s et al. 1976), but relative increases w
ere still less than

those obtained from
 com

puter sim
ulations.

B
y contrast, 

post-1960 rates of T
P sedim

entation (Fig. 9)
w

ere larger than the average T
P sedim

entation loss for the lake
basin of 0.0250

 m
g

'C
n

r'-y
f

1 for the m
id-1970s calculated

from
 com

puter sim
ulation by C

hapra and Sonzogni (1979). If
47.7%

 of the lake bottom
 is assum

ed to be in the three m
ajor

depositional basins (T
hom

as et al. 1972), then the average rate
of T

P sedim
entation over the depositional area w

ould be 0.0524
m

g-cm
~

J<yr~
l. T

his 
rate is m

uch sm
aller than m

easured T
P

fluxes in recent sedim
ents, especially at G

32 (Fig. 9), and inter-
m

ediate 
betw

een 
the 

recent 
N

A
IP fluxes 

at G
32 and 

E
30

(Fig. 10). It is not surprising that the T
P loss at G

32 w
ith a high

sedim
entation rale and T

P flux w
as larger than that predicted

by the m
odel. In addition, if T

P
 accum

ulation is related to m
ass

sedim
entation rate, greater than average accum

ulation rates for
T

P m
ight be expected in the R

ochester basin w
here from

 65%
(K

em
p and H

arper 1976) 
to 80%

 (T
hom

as el al. 1972) of the
fine-grained sedim

ents are deposited. D
ata from

 these tw
o cores

therefore indicate better agreem
ent 

betw
een T

P sedim
entation

losses in the 1970s calculated by C
hapra and Sonzogni (1979)

and N
A

IP flux than 
w

ith T
P flux. T

he tw
ofold or threefold

range in rates for the tw
o cores, how

ever, points to the need to
analyze cores from

 additional stations to obtain a better basin-
w

ide average and to analyze cores from
 other basins to obtain

a lake-w
ide average.

Peaks in B
Si accum

ulation after E
uropean settlem

ent have
been attributed to depletion of the epilim

nctic silica reserve by
increased diatom

 production that resulted from
 increased phos-

phorus inputs from
 the drainage basin of L

ake O
ntario (Schelske

et al. 1983). Increased rales of B
Si and siliceous 

m
icrofossil

accum
ulation (F

ig. 8;S
toerm

eretal. 19855) indicate that phos-
phorus lim

itation for diatom
 production m

ust have been relaxed
after settlem

ent. T
hese results and increased B

Si and siliceous
m

icrofossil 
accum

ulation in the sedim
ents 

of L
ake S

uperior
(Stoerm

er et 
al. 

I985a) w
here T

P
 concentrations 

have not
exceeded 5 jig

 P
*L

~' indicate that diatom
 production can be

increased m
easurably w

ith relatively sm
all phosphorus enrich-

m
ents. T

he sensitive response of diatom
 assem

blages 
to phos-

phorus enrichm
ent and its relationship to rapid changes in the

geochem
istry 

of 
silica 

have 
been 

addressed 
previously

(Schelske et al. I986b).

Inorganic C
arbon A

ccum
ulation

H
istoric increases in 1C

 accum
ulation of an order of m

ag-
nitude  or m

ore, how
ever, can be explained only if a com

bina-
tion of biological, physical, and chem

ical processes changed
as the lake becam

e m
ore eutrophk. T

he m
ost probable cause

for the increased flux of 1C
 (F

ig. 12) w
as increased photosyn-

C
an. 3. risk. A

ptat. Sci.. V
ol. 45,19SS



ihctic rem
oval of carbon dioxide after 

J940 in response 
to

increased T
P

 or N
A

IP loading (F
ig. 9, 10) and an associated

increase in pH
 during sum

m
er stralificalion (S

chclske and C
al-

Icndcr 
1970). In L

ake O
ntario during the 

1970s, cpilim
nclic

calcium
 concentrations w

ere 40 m
g

'L
'1 and su

m
m

er epitim
-

nctic pH
 exceeded 8.5 (D

obson 1984). T
hese conditions cause

the calcium
 carbonate saturation product (o be exceeded 

and
result in biologically induced precipitation of calcile.

Sedim
ents apparently are nearly saturated w

ith respect to cal-
cium

 carbonate because near-surface 
interstitial calcium

 
(0

-
5 cm

) ranged from
 50 to 54 m

g
'L

"', larger than concentrations
that ranged from

 41 to 42 m
g

-L
'1 in the overlying w

ater (W
eiler

1973). T
he calcium

 flux from
 sedim

ents w
as estim

ated to be
only 6.25 m

g
-n

r'-y
r-' (W

eiler 1973), equivalent to only about
0.05%

 of the calculated calcite flux to the sedim
ents (F

ig. 12).
T

hese results provide strong evidence that diagenesis of cal-
cium

 carbonate w
ould not appreciably affect calculated rates of

calcite loss to the sedim
ents except possibly in the surface layer

of sedim
ents.

In L
ake O

ntario, calcite precipitation occurs on a lake-w
ide

scale  (Strong and E
adie 1978), and calcium

 and carbonate car-
bon w

ere highly correlated (r 
= 

0.985) in a sedim
ent core

(K
em

p et a!. 1972). C
alcium

 and calcite increased by an order
of m

agnitude in the last 50 yr to m
ore than 20%

 calcite in cores
from

 the N
iagara basin (M

udroch J983). A
lso, the dow

nw
ard

flux 
of carbonate during sum

m
er stratification 

is 
very high

(>
2

.0
g

-n
r

J-d
-

1, R
osa 1985). T

his sum
m

er flux of carbonate
(probably calcite) is com

m
ensurate w

ith a calcite flux of 56 and
85 g

-n
r'-y

r-
1, respectively, calculated for recent sedim

ents of
E

30 and G
32.

O
ther w

orkers have attributed increased calcite concentration
in recent sedim

ents of L
ake O

ntario partly to consequences of
eutrophication (M

udroch 1983) or only indirectly to eutrophi-
cation through increased 

carbon dioxide production resulting
from

 decom
position of an increasing load of organic m

atter
w

hich is then preserved as calcite in the sedim
ents (K

em
p et

al. 
1972). Increased 

dissolution of calcite in the hypolim
netic

w
aters of L

ake E
rie as the result of eutrophication could have

provided  a new
 source of reactants for calcite production in

dow
nstream

 L
ake O

ntario (M
udroch 1983). If calcite sedim

en-
tation of the m

agnitude w
e have found is extrapolated over the

depositional area of the lake, it is equivalent roughly to the
calcium

 input from
 the N

iagara R
iver (W

eiler 1973). T
he spe-

cific m
echanism

 w
e propose for the 10- to 20-fold increase in

1C
 carbon flux since presettlem

ent is biologically induced 
pre-

cipitation  of calcite caused by increased phytoplankton produc-
tivity and photosynthetic rem

oval of carbon dioxide thai resulted
from

 phosphorus enrichm
ent. A

lthough the proposed m
echa-

nism
 is not unique and w

as proposed by M
inder in 1920 

(see
K

elts  and H
su 1978; M

cK
enzie 1985), w

e believe that increased
1C

 flux represents 
a sedim

ent 
signal of historic phosphorus

enrichm
ent of L

ake O
ntario w

aters.

Patterns of N
utrient A

ccum
ulation

Four different patterns (signals) of nutrient accum
ulation in

the sedim
ent 

stratigraphy can thus be used to trace historic
responses of phytoplankton com

m
unities in L

ake O
ntario to

phosphorus 
enrichm

ent. 
T

he earliest signal, the 
m

ajor 
B

S
i

peak, occurred betw
een 1850 and 1870. T

he other three signals
occurred m

uch later. A
n increase in O

C
 flux w

as evident by
1900 but w

as m
ost pronounced after 1940. T

he m
ajor increase

in 
1C

 flux and a secondary peak in B
Si accum

ulation also

C
an. /

 F
ish. A
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occurred after 1940. If the phasing of these signals is com
pared

w
ith T

P or N
A

IP flux to the sedim
ents, it is apparent that the

first 
B

Si signal reflecting 
epilim

nctic silica depletion w
as a

response to levels of phosphorus enrichm
ent so sm

all that only
relalivcly w

eak signals of phosphorus flux w
ere found in the

sedim
ents. E

pilim
nctic silica depletion, w

here m
ixed layer dia-

tom
 populations w

ere silica lim
ited in the sum

m
er, probably

occurred soon after 1850 w
hen open-lake w

aters contained <
 10

jig T
P

-L
'1. T

his conclusion is supported by previous results
from

 
L

ake M
ichigan (Schclske et al. 

1983). Increases in O
C

flux only resulted from
 additional phosphorus loading begin-

ning about 1900, and the greatest increase in O
C

 and 1C
 flux

occurred after 1940 w
hen sim

ulated T
P concentration increased

rapidly from
 

a level of about 
12-14 (xg-L

~
l (F

ig. 9). 
T

hese
changes  in carbon geochem

istry, including an increase of cal-
cite flux to the sedim

ents by at least an order of m
agnitude, can

be attributed lo increased phytoplankton productivity. T
he sec-

ondary peak in B
Si accum

ulation could have resulted from
 the

rapid increase in phosphorus loading after 
1940 w

hen phos-
phorus enrichm

ent of lake w
aters, to levels exceeding 20 u-g

T
P

-L
-', is thought to have produced w

ater colum
n silica deple-

tion (S
chelskeetal. I986b; S

loerm
cret al. 1985b). A

fter w
ater

colum
n 

silica depletion developed, w
hen silica is <0.4 

m
g

S
iO

j-L
"

1 during the w
inter-spring convective m

ixing period,
m

ost 
diatom

 
populations 

w
ould have 

been 
silica 

lim
ited

throughout the year (T
ilm

an et al. 1982). T
hese general trends

in 
nutrient accum

ulation also provide evidence for dram
atic

changes in the biogeochem
istry of silica and carbon as a result

of phytoplankton responses to increased phosphorus loading.
H

istoric changes in T
P concentration in the 

w
ater colum

n
(C

hapra 
1977) w

ere m
odelled from

 assum
ptions about phos-

phorus loading from
 different sources using a term

 for sedim
ent

loss that w
as linearly proportional to T

P concentration in the
w

ater. L
ack of correspondence betw

een m
odelled T

P concen-
tration  and m

easured T
P or N

A
IP accum

ulation in sedim
ents

can be attributed generally to three factors. F
irst, appropriate

param
eters could not be m

odelled because only T
P, and not

N
A

IP
, data can be obtained from

 the literature. B
ecause refrac-

tory form
s of phosphorus are m

easured as T
P, it is not know

n
how

 
m

uch the 
inputs of 

biologically 
available 

phosphorus
increased

 historically. Second, sedim
ent loss m

ay not be line-
arly proportional 

to w
ater colum

n T
P concentration 

(P
J 

but
m

ay depend on sedim
ent adsorption characteristics (A

) w
hich

are controlled by A
-P

.™
 (G

olterm
an 1980, 1984). T

hird, his-
toric sedim

ent losses of phosphorus, as discussed below
, w

ere
probably 

controlled  
by a varying com

bination 
of 

physical,
chem

ical, and biological processes.
A

 m
ajor discrepancy betw

een com
puter-sim

ulated T
P

 con-
centration and our T

P
 and N

A
IP fluxes is in the 50-yr period

after E
uropean settlem

ent beginning about 1850. 
Sim

ulated  T
P

concentration 
increased and did not decrease after settlem

ent
w

hereas neither T
P DOT N

A
IP accum

ulation in cores indicates
sim

ilar 
trends  (F

ig. 9, 10). W
e can only speculate about this

discrepancy because w
e only analyzed tw

o cores and obtained
different 

patterns of N
A

IP accum
ulation. 

A
ccum

ulation of
phosphorus in sedim

ents then w
ould indicate that P

w concen-
tration  w

as stable or actually decreased after 1850. 
B

y contrast,
N

A
IP

 and T
P

 accum
ulation increased after 1940 at a faster rate

than indicated by m
odelled T

P
 concentration. Such an increase

could be attributed to increased losses associated
 w

ith increased
precipitation of calcite (see M

urphy et al. 1983; K
oschcl et al.

1983), changes in biological turnover rates (L
ean et al. 

1983)
that w

ould be expected to accom
pany nutrient enrichm

ent, 
or

1301



both. N
A

IP and T
P fluxes therefore strongly indicate that h

is-
toric changes in T

P concentration cannot be m
odelled using the

assum
ption lhat sedim

cn! losses are proportional to phosphorus
conccntralion in the w

ater m
ass.

B
oth T

P and N
A

IP fluxes w
ere highly variable betw

een som
e

sam
pling intervals, especially in the period after 

1940 (F
ig. 9,

10). V
ariability in T

P flux has been noted in a B
ay of Q

uintc
core (W

arw
ick 

1980; Schclslce et a!. 1985) and in other G
reat

L
akes cores w

here the variability results from
 differences 

in
N

A
IP concentration am

ong sam
ples (Schclske ct al. 

I986a).
Peaks 

in 
phosphorus fluxes 

after 
forest 

clearance 
m

ight 
be

expected 
if a m

ajor source of loading associated w
ith forest

clearance 
is phosphorus released by the destruction of debris

dam
s in pristine stream

s (B
ilby 1981). O

ther possible expla-
nations for variability m

ight be postdepositonal m
obilization of

phosphorus, year-to-year differences 
in patterns of resuspen-

sion or deposition of particulate m
aterial during the w

inter-
spring period  of therm

al m
ixing, and year-to-year differences

in patterns of calcile precipitation. T
hese factors could be influ-

enced by annual fluctuations in w
eather. In fact, greater than

average 
ice cover and associated reduction in w

inter-spring
therm

al m
ixing in L

ake M
ichigan has been postulated as the

m
echanism

 for a short-term
 decrease in w

ater colum
n T

P con-
centration (R

odgers and Salisbury 1983).
M

odelled  
T

P concentration 
in the w

ater colum
n 

(C
hapra

1977) provides a useful fram
ew

ork on w
hich historic ecosystem

changes  
can 

be 
com

pared. 
A

lthough 
assum

ptions 
used 

in
obtaining m

odelled T
P concentrations have been questioned,

the pattern sim
ulated for L

ake O
ntario appears to be consistent

w
ith the record of organic carbon accum

ulation in sedim
ents

(F
ig. 

11). G
olterm

an (1984) also found a linear relationship
betw

een T
P concentration in the w

ater and organic carbon and
organic nitrogen accum

ulation in sedim
ents of L

ake C
onstance.

T
hus, one of the expected consequences of eutrophication, an

increase in production and sedim
entation of organic m

atter, is
consistent w

ith the pattern of sim
ulated T

P concentration.
In sum

m
ary, a record of changing biogeochem

istry in L
ake

O
ntario during the last 130 yr can be obtained from

 the strati-
graphic analysis of several nutrients in sedim

ent 
cores. B

Si
accum

ulation peaked betw
een 

1850 and 
1870 in response to

hypothesized sm
all increases 

in phosphorus inputs resulting
during early E

uropean settlem
ent. T

he m
ost obvious record of

postsettlem
ent change w

as increased deposition of O
C

 and also
increased

 deposition of 1C
 in the form

 of calcite, a secondary
effect  of increased nutrient loading and phytoplankton produc-
tion. T

he sedim
ent record for O

C
 and 1C

 corresponds tem
po-

rally w
ith increased deposition of T

P
 because m

ajor 
changes

occurred
 since 1940 w

hen the m
ajor increases in T

P
 deposition

w
ere found. 

R
elative changes in T

P
 or N

A
IP

 
accum

ulation,
how

ever, w
ere less than those for O

C
, 1C

, or B
Si and, unlike

the other nutrients, differed betw
een cores, suggesting that sys-

tem
 

responses 
to 

increased 
P

 loading cannot 
be 

predicted
entirely on stoichiom

etric relationships betw
een phosphorus and

other nutrients. T
he relationship is com

plicated because rate
constants of phosphorus recycling by organism

s 
(L

ean et al.
1983), co-precipitation of phosphorus w

ith calcite (M
urphy et

aJ. 
1983), or sorption of phosphorus to particles that rem

ain
suspended in the w

ater colum
n (E

adie et al. 1984) m
ay have

been
 m

odified 
during the changing trophic history of L

ake
O

ntario.
E

ven though our results confirm
 that the trophic history can

be inferred from
 the sedim

ent record, discrepancies in ratios of
N

A
IP

:T
P

 and differences in N
A

IP
 storage and recent 1C

 flux

betw
een cores point to a lack of com

plete understanding about
the factors 

that 
interact 

to 
produce ihc 

sedim
entary 

record.
A

dditional cores should be analyzed to determ
ine how

 paticm
s

of nutrient sedim
entation and accum

ulation vary over dcposi-
tional environm

ents and to test hypotheses suggested by our
results.

A
cknow

ledgm
ents

C
ores used in ihis study w

ere collected as part of the H
I-SE

D
 proj-

ect. 
G

reat 
L

akes 
E

nvironm
ental 

R
esearch L

aboratory, 
N

O
A

A
, 

in
cooperation w

ith sedim
ent biogcochcm

ical studies conducted by the
N

ational W
ater R

esearch Institute of E
nvironm

ent C
anada. W

e thank
I 

M
. M

alcyzk, N
O

A
A

. G
reat 1-aJces E

nvironm
ental R

esearch L
abo-

ratory, for conducting phosphorus analyses and the T
echnical O

pera-
tions D

ivision, N
ational W

ater R
esearch Institute, and the C

aptain and
crew

 of the C
SS U

M
N

O
S 

for valuable assistance in obtaining the cores.

R
eferences

A
PPLEBV

. P. G
.. 

A
N

D
 F. O

LD
FIELD

. 
1978. T

he calculaiion of lead-210 dales
assum

ing a constant rale of supply of unsupported "°Pb to the sedim
ent.

C
atena 5: 1-8.

BERN
K

R, R
. A

. I960. E
arly diagenests: a ihcoreiica! approach. Princeton U

n
i-

versity P
ress, P

rinceton, N
J.

BILBY
, R

. 1981. R
ole of organic debris dam

s in regulating the export of dis-
solved and particulale m

allei from
 a forested w

atershed. E
cology 6

2
:1

2
3
4
-

1243.

CK
A

PRA
, S. C

. 1977. T
otal phosphorus m

odel for the G
reat L

akes. J. E
nviron.

E
ng. D

iv 
103: 

147-161.

CH
A

PRA
, S. C

., A
N

D
 W

. C
. 

SO
N

ZO
G

N
I. 

1979- G
reat L

akes toul phosphorus
budget for (he m

id-1970V
 J. W

ater Pollut. C
ontrol fV

d. 51: 2524-2533.
CH

A
RLTO

N
, M

. N
. 

1983. D
ow

nflun of sedim
ent, organic m

atter, and phospho-
rus in the N

iagara R
iver area of L

ake O
ntario. J. G

reat L
akes R

es. 9: 201-
211.

D
EM

 A
STER, 0. 

J. 1981. T
he supply and accum

ulation of silica in the m
arine

environm
ent. G

eochim
. C

osm
ochim

. A
cta 45: 1715-1732.

D
O

BSO
N

, F. H
- 

1984. 
L

ake O
ntario w

ater chem
istry tflas. N

aU
. W

ater R
es.

Inst., C
anada C

entre for Inland W
aters, 

B
urlington, O

nt., Sci. Ser. N
o.

139: 59
 p.

EA
D

IE, B
. J..R

. L
. C

H
A

M
B

ER
S, W

. S. G
A

R
D

N
ER

. AND
 G

. L
. BELL. 1984. Sed-

im
ent trap studies in L

ake M
ichigan: rcsuspension and chem

ical fluxes in
the southern basin. J. G

o
at L

akes R
es. 

10: 307-321.
FLY

N
N

, W
. W

. 1968. T
he determ

ination of low
 levels of potonium

-210 in envi-
ronm

entaj sam
ples. A

nal. C
hcm

. A
da 43: 221-227.

G
O

LD
BERG

, E
-D

. 1963. G
eochrooology

 w
ith lead-210, p. 121-131. In R

adio-
active dating. I.A

.E
.A

., V
ienna.

G
O

LTERM
A

N
, H

. L
. 1980. P

hosphate m
odels, a gap to bridge. H

ydrobiologia
7

2
:6

1
-7

1
.

1984. 
S

edim
ents, m

odifying 
and equilibrating factors in the chem

-
istry of freshw

ater. V
erb, lo

t. V
er. L

im
nol. 22: 23-59.

K
£L

T
S

,K
.,A

«>
K

.J. H
su. 

1978. 
F

reshw
ater carbonate sedim

entation, p. 295-
323. In A

. L
erm

an [ed.J L
ik

es: chem
istry, 

geology, physks. S
pringer-

V
erlag, B

erlin.

K
EM

P, A
. L

. W
., C

. B
. J. G

R
A

Y
. A

N
D

 A
. M

U
D

RO
CH

O
V

A
. 1972. C

hanges in C
,

N
, P

, and S
 in the last 140 y

ean
 in three cores from

 L
akes O

nurio, E
rie,

and H
uron, p. 2

5
1
-2

7
9
. I* H

. E
. A

llen and J. R
. K

ram
er [ed.J N

utrients
in natural w

aters. W
iley

 In
ttrscien

ce, N
ew

 Y
ork, N

Y
.

K
EM

P, A
.L

. W
..A

N
D

N
.S

. H
A

K
PEX

. 1976. Sedim
entation rates and i sedim

ent
budget for L

ake O
ntario. 1

 G
reat L

akes R
es. 2: 324-340.

K
O

SCH
EL, R

., J. BEN
N

D
O

RF, G
. PR

O
FT, A

N
D

 F. RECKNAGEL. 1983. C
alcite pre-

cipitation as a natural control m
echanism

 of eutrophication. A
rch. H

ydro-
biol. 98: 380-408.

K
W

IA
TX

O
W

SK
I, R

. C
. 1982. 

T
rends in L

ake O
ntario surveillance param

eters.
1974-1980. J. G

reat L
akes R

es. 
8: 648-659.

LEA
N

, D
. R

. S
., A

. 
P. A

B
B

O
TT. M

. N
. 

CH
A

H
LTO

N
, AND S. S. R

A
O

. 1983.
Seasonal phosphate dem

and for L
ake E

ric plankton. J. G
reat L

akes R
es.

9: 83-91.

M
cK

E
N

H
E

. J. A
. 198S. C

arbon
 isotopes and productivity in the lacustrine and

m
arine environm

ent, p. 9
9
-1

1
8
. In W

. Stum
m

 [ex).] C
hem

ical processes
in lakes. John W

iley &
 S

ons, N
ew

 Y
ork, N

Y
. 

-
M

uD
K

O
O

t, A
. 1983. 

D
istribution

 of m
ajor elem

ents and m
etals in sedim

ent
cores from

 tbc w
estern

 b
aas of L

ik
e O

ntario. J. G
reat L

akes R
«. 9

:1
2
5
-

133.

1302
C

an. J. F
isk. A

q
u
a
. Set., Vol. 45, 1988



M
U

R
PH

Y
,!. P.. K

, i. H
A

H
. AM

I I. Y
B

M
". 1983.C

opj
w

iih c.lcite in • niiunlly w
iw

phic like. Lim
noL O

ceanogr. 28.58-69.
HKLO. F.. A

N
D

 P. 0
. A

m
-K

BY
. 1984 

Em
pirical icH

.ng of ''̂
"
"
8

m
odeli for lake *cdim

enU
. p. 93-124. /n E. Y

. H
iw

orth and J. W
 

G
.

Lund led.) Lake sedim
ents and environm

ental history. U
n.ven.ty of M

in-
nesota Press, M

inneapolis, M
N

. 
,

BtNS, J. A
. 1978. G

eochem
ical and geophysical application of radioactive

lead, p. 285-393. /n J. O
. N

riagu I«J.J The biochem
istry of leadinthe

environm
ent. Elscvie,, N

orth-H
olland B

iochem
ical Press. N

ew
 Y

ork, N
Y

.
1982 

Su-atiEranhic and dynam
ic effects of sedim

ents re w
ot ing by

O
re* L

ake! w
obcnlhos, p. 611-622. In P. G

. Sly led.] D
ew

topm
crili m

hydrobiology. 9. Sedim
ent freshw

ater interaction. Proc. of the 2nd Inter-
national Sym

posium
 on Sedim

ent-W
ater Interactions, K

ingston, O
nt.

H
ydrobiologia 92. 

, 
,.

1986. A
 m

odel for particle-sedim
ent transport of tracers ,n sedim

ents
w

ith conveyor-belt deposit feeders. J. G
eophys. R

es. 91: 8542-S558.
ROBB.NS, J. A

.. AND D
. N

. EDGINGTON. 1975. D
eterm

ination of recent «d.-
m

entation rates in U
kc 

M
ichigan using Pb-210 and C

s-137. G
eochim

.
C

osm
ochim

. A
cta 39: 285-304.

RoBBtN
S. J. A

.. D
. N

. ED
G

IN
G

™
. A

N
D

 A
. L. W

. KEM
P. 1978 

C
om

paral.ve
110Pb, "'C

s, and pollen geochronologies of sedim
ents from

 Lakes O
nU

no
and Erie. Q

uat. R
es. 10: 256-278. 

„
„

„
.,. 

- - 
•

R
O

B
B

™
, J. A

.. J. R
. KM

ZOSKI. A
N

D
 S. C

. M
OZLEY. 1977. R

ad.oactm
ty in

sedim
ents of the G

reat Lakes: postpositional fcd.stnbution by deposit-
feeding organism

s. Earth Plant. Sci. Lett- 36: 325-333.
ROBBINS, J. A

.. P. L. M
cCA

LL, J. F. FISHER. AND J. R. KREZOSW
. 1979. Effect

of deposit feeders on m
igration of ccsium

-137 in take sedim
ents. Earth

Plant. Sci. Lett. 42: 277-287.
RODCETRS. P. W

., AND D
. K

. SAUSBURY. 1983. W
ater quality m

odellm
gof Lake

M
ichigan and consideration of the anom

alous ice cover of 1976-1977. J.
G

real Lakes R
es. 7:467^180. 

_ 
. 

.
RO

SA
, F. 1985, Sedim

entation and sedim
ent resuspension in Lake O

ntano. J.
G

reat Lakes R
es. II: 13-25.

SCH
EU

K
E. C

. L
., AND E. CA

LEN
D

ER. 1970. Survey of phyloplankton produc-
tivity and nutrients in Lake M

ichigan and U
kc 

Superior, p. 93-105. In
Proc. 13th C

onf. G
reat Lakes R

es. International A
ssociation for G

reat
L

akes R
esearch, Toronto, O

nt.
SC

H
E

L
SK

E
, C

. L
., D

. J. C
O

N
U

E
Y

, E
. F

. ST
O

E
R

M
E

R
, T

 L
. N

E
W

B
E

M
V

, A
N

D
C

. 
D

.
CAM

PflEU.. 1986a. B
iogenic silica and phosphorus accum

ulation in sed-

im
cnu as indices of cutrophkujon in the L

aurcnlianG
rui L»V

ei 
H

ydro-
biologia 143; 79-86.

SCHKL&KE. C
. L

., D
. J. C

oN
iJir, AND W

. F. W
AUW

KK 
1985. H

iH
oncal rel«-

U
onihips betw

een phoipbonji loading and biogenic tilk
i »ccum

ulation
in B

ay of Q
uinle sedim

enu. C
an. J. Fiih. A

qual. Sci. 42: 1401-1409.
ScHH-SKf-.. C

. L , E. F. Sroi.SM
iji, D

 
J. C

ow
J-v, J. A

. ROBBINS, A
N

D
 R

. M
.

GLOVLR. 1983. B
arly eulrophicalion in the low

er GrejU LaV
cj: new

 evi-
dence from

 biogenic tilica in sedim
ents 

Science (W
ash , D

C
) 222: 320-

322.
SCHELSKE,  C

. 
L

., E. F. STOUIM
K*. G

. L. FAHM
TJ^STIEL, ANTJ M

. HAIBACH.
19866. Phosphorus enrichm

ent, silica utilization, and biogcochem
ical sil-

ica depletion in the G
reat Lakes. C

an. J. Fiih. A
quat. Sci, 43:407^415.

STOERW
ER. E. F., J. P. K

o
o
o
u
*
. C

. L. SCHELSKE. AND D
. J. COM

LEY. 1985a,
Siliceous m

icrofossil succession in the recent history of U
ie Superior,

Proc. A
c*d. N

at. Sci. Phila. 137: 106-118.
STOOIM

EJI. E. F., J. A
. W

O
U

N
, C

. L. SCHELSKE, A
N

D
 D

. J. CONLEY. 
I985b.

A
n assessm

ent of ecological changes during the recent history of Lake
O

ntario based on siliceous algal m
icrofossils preserved in the sedim

ents.
J.Phycol. 21:257-276.

STRONG, A
. E

., A
N

D
 B

. J. EADIE. 1978. Satellite observations of calcium
 car-

bonate precipitations in the G
real Lakes. Lim

nol. O
ceanogr. 23:877-887.

THOM
AS, R

. L
., A

. L. W
. KEM

P, A
N

D C
. F. M

. LEW
IS. 1972. D

istribution,
com

position and characteristics of the surf icial sedim
ents of Lake O

ntario.
J. Sedim

ent. Petrol. 42: 66-84.
TILM

AN, D
., S. S. KILHAM

, AND P. KlLHAM
. 1982. Phyloplankion com

m
unity

ecology: the role of lim
iting nutrients. A

nnu. R
ev. E

col. Syst. 13: 349-
372.

VERNET, J. P., A
N

D
p.-Y

. FAVARGER. 1982. C
lim

atic and anthropogenic effects
on the sedim

entation and geochcm
isuy of Lakes B

ourgct, A
nnecy and

L
em

an. H
ydrobiologia 92: 643-650.

W
ARW

ICK, W
. F. 1980. 

Palcotim
nology of the B

ay of Q
uinle, Lake O

ntario:
2800 years of cultural influence. C

an. B
ull. Fish. A

quat. Sci. 206: 117

P
W

EILER
.R

. R
. 1973. The interstitial w

ater com
position in the sedim

ents of the
G

real L
akes: L

 W
estern U

kc O
ntario. Lim

nol. O
ceanogr. 18:918-931.

W
BUUAM

S, J. D
. H

., T. P. M
URPHY, AND T. M

AYER. 1976. R
ates of accum

u-
lation of phosphorus in Lake Erie sedim

ents. J. Fish. R
es, Board C

an. 33:
430-439.

C
an. J. F

ish. A
quat. Set.. V

ol. 45,1988
1303


